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High-energy, multi-octave supercontinuum (SC) genera-
tion in bulk media pumped with picosecond pulses in
the mid-infrared, though pivotal in a myriad of applica-
tions, poses severe constraints due to wavelength scaling
of the critical power criterion and the propensity to induce
avalanche-ionization-seeded breakdown mechanisms. Here,
we demonstrate a simple experimental geometry, relying on
a very low numerical aperture for the pump pulse, and a
crystal length commensurate with the Rayleigh length of
the focusing geometry, generating a multi-octave, stable
SC in yttrium aluminum garnet (YAG). The SC ranges from
500 nm to 3.5 μm (measured at −30 dB with spectral com-
ponents at wavelengths up to 4.5 μm) when pumped by a
3 ps pulse centered at 2.05 μm in the anomalous dispersion
regime. We also investigate the dynamics of filament forma-
tion in this interaction regime by monitoring the spectral
and temporal evolution of the pulse during its propagation
through the length of the crystal. © 2018 Optical Society of
America
OCIS codes: (320.6629) Supercontinuum generation; (320.7110)
Ultrafast nonlinear optics.
https://doi.org/10.1364/OL.43.004329
Supercontinuum (SC) generation manifests as a versatile source
of coherent, ultrabroadband light with a plethora of applica-
tions in spectroscopy, imaging, and optical communication
[1–3]. These applications often require pulse energies in the
nanojoule (nJ) range, where SC generation can be conveniently
performed in nonlinear optical fibers [2]. Energy scaling of
the SC output, however, requires the use of bulk crystals with
high damage threshold as the nonlinear medium [3]. In the
laboratory, SC generation in bulk media entails a highly prag-
matic experimental setup, typically comprising the focusing
of an ultrashort laser pulse into a highly nonlinear, trans-
parent medium. Since SC generation results from an interplay
between a host of nonlinear optical mechanisms that are
actuated by the nonlinear self-focusing of light, its threshold
is determined by a critical power Pcr ∝ λ2, where λ is the laser
wavelength. This critical power criterion is often trivially sat-
isfied for most femtosecond applications in the visible, as evi-
denced by the extensive literature available for this regime
([1,3] and references therein). There is also a wealth of litera-
ture describing SC generation driven by mid-infrared (MIR)
femtosecond pulses in a host of bulk media, such as yttrium
aluminum garnet (YAG), sapphire, fused silica, LiF, CaF2,
BaF2, and ZnS [3–8]. However, for picosecond laser pulses
in the MIR, the critical power requirement often translates
to initiating avalanche ionization mechanisms, culminating in
the optical breakdown of the nonlinear medium [9], and,
hence, preventing SC generation. Yet, high-energy SC sources
driven by picosecond MIR pulses are of pivotal importance for
a myriad of applications—for instance, in order to fully exploit
the potential of highly efficient, non-oxide gain media (such as
ZnGeP2), which have recently garnered attention for develop-
ing high-energy, MIR optical parametric amplification (OPA)
schemes [10–12]. The transparency of ZnGeP2 dictates a 2 μm
pump source (typically a Ho:YLF or Ho:YAG-based regener-
ative amplifier), the intrinsic gain narrowing of which, in turn,
dictates near-transform-limited pulse durations of a few pico-
seconds. Recent efforts towards generating a high-energy,
stable, MIR SC seed for the OPA driven by a 2 μm multi-
picosecond pump pulse have resorted to either difference fre-
quency generation from the femtosecond oscillator output
[10,12], second-harmonic-pumpedOPA stages [11], or Kagome-
fiber-based pulse compression techniques [13]. However, these
alternative routes to seeding MIR OPAs, albeit novel, introduce
considerable additional complexity to the laser chain or rely on
exacting fabrication constraints.
In this Letter, we demonstrate a remarkably simple exper-
imental scheme that relies on a focusing geometry with a
numerical aperture (NA) as low as ∼0.005 [14], coupled with
a crystal length of the order of the Rayleigh length, for stable,
multi-octave SC generation pumped in the anomalous
dispersion regime by a multi-picosecond, MIR pulse. The
low-NA focusing geometry restrains the peak intensity from
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attaining the threshold for optical breakdown while warranting
the critical power for self-focusing. Recently, SC generation in a
13-cm-long YAG crystal, pumped in the normal dispersion re-
gime by a chirped 1 μm, 3 ps pump pulse (with a transform
limit of 1.8 ps) was reported [15]; although, the measurements
were confined only to the blue anti-Stokes’ continuum (500–
950 nm), and it was not a priori apparent why long focal and
crystal lengths produce a stable SC with picosecond pulses.
Here, we demonstrate that stable, multi-octave SC generation
is supported even by the 2 nm bandwidth of a near-transform-
limited 3 ps pump pulse centered at 2.05 μm, despite a four-
fold increase in the critical power requirement due to the
wavelength scaling. We present the multi-octave SC spectrum,
ranging from the visible (≳500 nm) to the MIR (≲4.5 μm),
along with its energy dependence as well as long-term stability
and probe the evolution of the pulse propagating through the
length of the crystal in the spectral and temporal domains.
In order to estimate the intensity threshold for arresting op-
tical breakdown, the evolution of the electron density ρt as a
function of the laser intensity I may be approximated by a sim-
plistic model [1,4,16] that incorporates avalanche ionization
seeded by optical field ionization and governed by the equation
∂ρ∕∂t  W OFIIρ0 − ρ W AIIρ, where ρ0 denotes the
background neutral density. The optical-field-ionization rate
W OFI may be evaluated following the Keldysh formulation
[1,17], as shown in Fig. 1(a), for YAG with a bandgap energy
of U i  6.5 eV [4,18] and λ  2.05 μm. The low-intensity
(<1012 W∕cm2) asymptote corresponds to a multi-photon-
ionization rate, given by WMPI  σ11I 11, where σ11 
1.3 × 10−126 s−1 W∕cm2−11 for ρ0  7 × 1022 cm−3 [4]. The
rate of avalanche ionization, on the other hand, may be ex-
pressed as W AI  σIBI∕U i [1,16] according to the Drude
model, where an estimated collision time τc  3 fs [4] yields
an inverse Bremsstrahlung coefficient of σIB  2.06 ×
10−17 cm2. The simulation results are illustrated in Fig. 1(b),
which shows that beyond a threshold intensity of I th ∼ 3 ×
1011 W∕cm2 the electron density ρt rapidly reaches the
plasma critical density ρc  2.6 × 1020 cm−3 for the duration
of our pump pulse, resulting in significant plasma absorption
and potential irreversible material damage. Consequently, sta-
ble SC generation at ∼10Pcr with an intensity ≲1011 W∕cm2
to avoid damage dictates a focusing geometry with NA≲0.005,
which motivated the design of our experimental setup.
The output of our Ho:YLF regenerative amplifier [19], op-
erated at a repetition rate of 1 kHz, was focused into a YAG
crystal with NA varying in the range 0.001–0.005. Different
combinations of crystal lengths (5, 10, and 15 cm) and focal
lengths for the pump beam (50, 75, and 100 cm) were used to
optimize the spectral extent of the SC generation, with further
optimization of the NA of the pump beam performed by an
adjustable iris. The position of the YAG crystal along the laser
propagation axis was also optimized, and the pump energy was
varied by a combination of a thin-film polarizer and a half-
waveplate. A crystal length of 15 cm and a pump NA of
∼0.005, corresponding to a Rayleigh length of ∼12 cm, were
found to produce the most optimum SC (in terms of band-
width and stability). A long, stable, single filament was
observed in the bulk of the YAG crystal along with the char-
acteristic conical emission of colored rings in the visible, resem-
bling typical SC generation from femtosecond sources. The
filament formation was initiated at the rear end of the
15 cm YAG crystal for a pump energy of ∼17 μJ and was found
to shift towards the front end of the crystal upon increasing
the pump energy until ∼175 μJ, which was determined as the
threshold for irreversible crystal damage. At this energy, the fil-
ament started ∼5 cm from the front end of the crystal.
Figure 2(a) shows the spectral extent of the SC generated
when pumped at 150 μJ, measured with a series of spectrometers
Fig. 1. (a) Calculation of the optical-field-ionization rateW OFI as a
function of the intensity I for YAG with a laser of central wavelength
λ  2.05 μm, where ρ0 denotes the background neutral density. The
low-intensity asymptote corresponds to a multi-photon-ionization rate
WMPI  σ11I 11. (b) Simulation of the evolution of the plasma density
ρt as a function of I for the duration of the pump pulse.
Fig. 2. (a) Spectral extent of the SC generated in a 15 cm YAG
crystal for a pump energy of 150 μJ and NA ∼ 0.005. The inset shows
the spatial profile of the pump beam (left) and the SC output (right) in
the far field. (b), (c) Self-normalized spectral intensity in logarithmic
scale (indicated by the colorbar) as a function of the pump energy Ep
in the vis-NIR and MIR, respectively. (d), (e) Scaling of the spectral
intensity integrated over the wavelength, as well as the standard-
deviation fluctuation for vis-NIR and MIR, respectively, as a function
of Ep. The setup was purged with dry nitrogen, and the humidity was
maintained at 3.5%.
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in the spectral ranges 200–1100 nm, 1000–2000 nm, and 900–
2500 nm, respectively, and a monochromator coupled to a
liquid-nitrogen-cooled HgCdTe (MCT) detector for the wave-
length range 2400–4300 nm [20]. Multiple short-pass and
long-pass filters were used to eliminate the residual pump, when
necessary, and enhance the dynamic range of the spectral mea-
surements. Scaling factors, derived from the overlapping spectral
regions from the different spectrometers, were then applied.
Figure 2(a) shows the residual pump at 2.05 μm, along with
a cascaded SC triggered by the third harmonic at ∼686 nm [5],
as well as Raman Stokes’ peaks in the range 2100–2250 nm and
weak anti-Stokes’ peaks at ∼1950 nm. A 2.4 μm long-pass filter
and a 1 μm short-pass filter were used to eliminate the residual
pump (to prevent saturation of the spectrometers) and monitor
the dependence of the spectral intensity in the visible and near-
infrared (vis-NIR) and the MIR as a function of the pump
energy Ep, as shown in Figs. 2(b) and 2(c), respectively. The dif-
ference in the dynamic range of the spectral intensity between
the measurements in the vis-NIR and MIR is owing to the
disparate sensitivities of the Si and MCT detectors used. The
corresponding scaling of the spectral intensity, integrated over
the wavelength, with respect to the pump energy Ep is shown
in Figs. 2(d) and 2(e), respectively, along with the standard-
deviation fluctuations and were corroborated by independent
measurements with photodiodes. The stability in the MIR
was found to improve significantly on purging the setup with
dry nitrogen and maintaining a humidity level of 3.5%. The
fluctuations, measured over a period of 5 min at a repetition rate
of 1 kHz, clearly show a decreasing trend with increasing pump
energy for the vis-NIR and MIR. The energy efficiency of the
SC generation, including the residual pump energy, was esti-
mated to be >60% with∼1 μJ of the energy above 2.4 μmwhen
pumped at 120 μJ [21].
Figure 3 presents the long-term stability of the SC spectrum
over a period of 20 min at a repetition rate of 1 kHz for an
ambient humidity of 3.5% and a pump energy of 150 μJ,
in accordance with the minimum-fluctuation points in
Figs. 2(d) and 2(e). The standard deviation of the fluctuations
was measured to be 1.9% for both the vis-NIR and the MIR,
which is the same as that of the pump.
Figure 4 illustrates the filament formation for various pump
energies, clearly depicting the varying distance L, where the fil-
ament starts from the front (input) end of the 15-cm-long crystal.
In order to understand the dynamics of the temporal pulse profile
in the course of its propagation through the length of the crystal,
we performed second-harmonic-generation-based frequency-re-
solved-optical-gating (SHG-FROG) measurements of the SC
output for various crystal lengths and pump energies. Figure 5
illustrates the pulse characteristics of the output of our Ho:
YLF regenerative amplifier used to pump the SC-generation
stage, showing a near-transform-limited pulsewidth of 3.0 ps
(FWHM). For Ep ∼ 50 μJ, corresponding to L ∼ 10 cm, an
SHG-FROG measurement of the output of a 5-cm-long crystal
(where no filament is formed) shows a nearly unperturbed tem-
poral profile, remarkably similar to the pump profile. For a 10 cm
crystal, however, this pump energy corresponds to the brink of
filament formation, and both the spectral and the temporal pro-
files were found to exhibit strong self-phase modulation (SPM).
This effect is further augmented in a 15-cm-long crystal, where a
∼5 cm-long filament is formed at this pump energy, and the
pulse splits into a train of multiple “pulselets” in the temporal
domain. Figure 6 illustrates a representative scenario for a 10-
cm-long YAG crystal at Ep ∼ 80 μJ, where filament formation
has been initiated at the rear end of the crystal, and the pulse
splits into multiple pulselets of duration of ∼1 ps. Similar obser-
vations were also made by measuring the SHG-FROG of the
output from a 15-cm-long crystal with varying pump energies.
Below the threshold for filament formation, the pulse profile



















Fig. 3. Long-term stability of the SC spectrum in the vis-NIR and
MIR, as well as the pump, over a period of 20 min at a repetition rate
of 1 kHz for a pump energy of 150 μJ and an ambient humidity of
3.5%. The standard deviation of the fluctuations of the vis-NIR as well
as the MIR was found to be 1.9%, which is the same as that of the
pump.
Fig. 4. Snapshots of filaments pumped at 50, 80, and 120 μJ in a
15-cm-long crystal.
Fig. 5. SHG-FROG measurement of the pump pulse. (a), (b) Self-
normalized measured and retrieved FROG profiles in the logarithmic
scale, respectively. (c) Measured (gray shaded area) and retrieved (blue
solid line) spectra along with the spectral phase (red dotted line).
(d) Retrieved temporal profile (blue solid line) with a pulsewidth of
3.0 ps (FWHM) along with the temporal phase (red dotted line).
The retrieval error is 0.3%.
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upon increasing the pump energy until Ep ∼ 120 μJ, when the
filament is ∼10 cm long, the output shows a strongly modulated
spectrum along with a distinct single peak in the temporal domain
with a pulsewidth (FWHM) of ∼350 fs, coupled with a pedestal
that displays various SPM-generated nonlinear effects, particularly
self-steepening. Interestingly, similar pulse-splitting effects have
previously been observed in SC generation with a 6.7-cm-long
GaAs crystal when pumped by a pulse train of 3 ps pulses from
a CO2 laser at a central wavelength of 10.6 μm [22].
In summary, we have demonstrated a generic recipe for cir-
cumventing avalanche-ionization-induced breakdown mecha-
nisms, while triggering high-energy, multi-octave, stable SC
generation in bulk media with 2 μm, multi-picosecond pulses.
We envisage the ultrabroadband SC source with ∼1 μJ of
energy in the MIR (2.4–3.5 μm) to serve, in particular, as a
viable option for seeding state-of-the-art, high-energy, MIR
OPA schemes in the molecular fingerprint regime for numer-
ous applications from coherent multi-dimensional IR spectros-
copy to laser-driven processes with multi-mode control.
Further efforts towards that end are under way.
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